A one-dimensionally polarization-independent retrodirective metasurface (PIRMS) is proposed in this letter. The retrodirective metasurface (RMS) consists of ring structures on its ground plane to achieve the polarization-independent characteristics. The reflection phases of unitcells of the metasurface can be controlled by the radius of the ring structure, and the dimension of the supercell with the 2π phase variation depends on an incident angle and operation frequency from the generalized Snell's law. To verify its feasibility, two kinds of RMSs to operate at two retrodirected angles of 20° and 40° are designed and measured at 5.8 GHz. The measured retroreflected power efficiencies are more than 94% and 92% at the retrodirected angles of 20° and 40°, respectively, regardless of the polarization. The results show that the proposed RMS has good performances independent of polarization.
I. INTRODUCTION
Since metasurfaces (MSs) can manipulate the wave-front of transmitted and reflected electromagnetic (EM) waves, they have a wide range of applications in EM field. In 2011, the phase gradient MS, which can manipulate the wave-front of anomalous reflection and refraction waves, is proposed by Yu et al. [1] . In [1] , a generalized Snell's law is described from Fermat's principle. Since then, there has been extensive research related to anomalous reflection [2] [3] [4] . Specifically, retrodirectivity can be achieved using the planar type of a MS using the generalized Snell's law [5, 6] . In [5] , a MS simultaneously operating at multiple incident angles designed using array of striplines on the ground plane for only the TM wave. Additionally, binary MS was observed to achieve an efficient retroreflector for each TE and TM wave at near-grazing incidence [6] .
In this letter, a one-dimensionally polarization-independent retrodirective metasurface (PIRMS), which consists of several supercells with a continuous gradient phase of 2π, is proposed. The length of a supercell depends on its specific retrodirective angle and its wavelength of an operation frequency calculated by the generalized Snell's law. Also, the unitcell of a supercell is composed of a ring structure on the ground plane that simultaneously operates the TE and TM mode. The reflection phases of these unitcells can be controlled by the radius and width of the ring structure. Moreover, the performance of the proposed PIRMS is confirmed by a theoretical analysis, a full-wave simulation, and a measurement at two retrodirected angles of 20 o and 40 o . Based on the generalized Snell's law, MS with a 2π phase gradient contributes to the generation of reflected and transmitted anomalous waves [1] . From the generalized Snell's law of reflection, the relation between the incident angle θ i and the anomalous reflection angle θ r along the interface (dΦy/dy) can be defined as [1] :
where  0 and n i represent the wavelength in free space and the refractive index of the incident medium, respectively. dΦy/dy indicates the phase gradient of reflection along y-direction. To achieve retroreflection (θ r = -θ i ), the length of a supercell (Ly) with a 2π phase gradient can be expressed as from Eq. (2):
Moreover, the supercell is composed of a series of unitcells that have characteristics of a high reflectivity and a reflection phase variation of 2π at the operation frequency. Fig. 1 shows the unitcell of the proposed 1D PIRMS. To obtain polarization-independent reflection characteristics, a structurally symmetrical ring structure on the ground plane is employed in this letter. Also, the ring structure can be designed more compact rather than a circular structure with a symmetrical shape. The operation frequency is 5.8 GHz and the utilized substrate is RT Duroid 6010 (ε r = 10.2, h = 3.175 mm, and tan = 0.0023). The width of the ring structure is fixed to be 0.5 mm, considering manufacturing tolerance. When the thickness of a substrate is greater, the slope of the reflection phase becomes gentler. If the width of the ring structure becomes narrower, the frequency with the reflection phase of 0 o down-shifts. The lengths of the supercells can be calculated as 75.6 mm and 40 mm from Eq. (2) in the cases of retrodirected angle of 20 o and 40 o , respectively. Thus, the supercell consists of six unitcells with a dimension of 12.6 mm (0.24 0 ) in the case of retrodirected angle of 20 o , as shown in Fig. 2(a) . Similarly, the supercell consists of four unitcells with a dimension of 10 mm (0.19 0 ) in the case of a retrodirected angle of 40 o , as shown in Fig. 2(b) . Fig. 3 shows the full-wave simulated reflection response of the ring structure against the radius (r) in both the retrodirected angle of 20 o and 40 o at 5.8 GHz. When the substrate is thinned, the reflection phase against the size of the unitcell changes sharply. Then, the sizes of the unitcells composed of the supercell become almost the same. If the manufacturing method is not precise, the reflection phase variation of 2π cannot be measured. Therefore, it is advantage to use a thick substrate to obtain retrodirectivity. The reflection response of the unitcell is analyzed using the masterslave periodic condition and Floquet port in ANSYS's Electronics desktop software. The reflection magnitude remains high (>0.98), as the geometrical parameter r varies from 0.5 mm to 6 mm, as shown in Fig. 3 . Also, the reflection phase range of 2π can be obtained by changing the radius.
III. MEASURED RESULTS AND DISCUSSION
To verify the retrodirectivity, the 1D PIRMSs with 29 × 6 (365.4 mm × 453.6 mm) and 38 × 11 (370 mm × 520 mm) supercells were designed and fabricated for retrodirected angle of 20 o and 40 o , respectively. The reflected power can be meas- ured by fixing the transmitting horn antenna retro angle with the PIRMS and moving only the receiving horn antenna. To excite the plane wave, the distance between the antenna and PIRMS is selected to be 70 cm, which satisfies the far-field radiation condition, as shown in Fig. 4 . Moreover, the time gating function in the network analyzer is utilized to eliminate multiple reflections. Fig. 5 PEC and RMS. The measured retroreflected power efficiencies are more than 94% and 92% at the retrodirected angles of 20 o and 40 o , respectively, regardless of the polarization.
IV. CONCLUSION
In this letter, a 1D PIRMS is proposed using a ring structure on the ground plane. The 1D PIRMS is composed of supercells with the 2π reflection phase gradient and the supercell is implemented by the series unitcells of a ring structure. To confirm retrodirectivity, two kinds of 1D PIRMSs, which are operated at two retrodirected angles of 20 o and 40 o , were simulated and measured at 5.8 GHz. Based on the results, it can be concluded that the proposed 1D PIRMS perform with highly efficient retrodirectivity regardless of the polarization.
